Aspects of sexual dimorphism, reproduction, postnatal development, and seasonality of breeding in a solitary bathyergid rodent, the silvery mole-rat (Heliophobius argenteocinereus), as based on a field study in Malawi and on a study of animals kept in a laboratory, are reported here for the 1st time. Sex ratio in all animals (n ϭ 173) did not differ from equality. Wild-captured males were heavier (190 Ϯ 58 g) than females (162 Ϯ 47 g). Mating took place during the cold and dry season (April-July), and births occurred during the hot and dry season (August-October). Mean gestation length was 95 Ϯ 8.5 days, and mean litter size was 3.2 Ϯ 0.9. The altricial neonates weighed 12.8 Ϯ 2.3 g and opened their eyes about 14 days after birth. Postnatal growth rate was slow with a mean growth constant of 0.01 and a mean maximum growth rate of 0.53 g/day. The reproductive biology of H. argenteocinereus reveals characteristics of both social and solitary bathyergids. Thus, parameters believed so far to be typical of social mole-rats, such as long pregnancy and slow postnatal development, can be found in solitary silvery mole-rats as well, calling for a reevaluation of the role of reproductive biology in shaping social life.
During the last 2 decades, African molerats (family Bathyergidae) have attracted much attention from zoologists, particularly due to the pronounced cooperative breeding system (eusociality) described in some species . However, whereas the family consists of 5 well-defined genera, almost all knowledge of life histories of bathyergids is based on only a few species from 2 genera: the naked molerat (Heterocephalus glaber) and several species of the common mole-rat (Cryptomys). These species are (eu)social, and because their mating and social systems were recognized some 15-20 years ago, they * Correspondent: sumbera@tix.bf.jcu.cz have been kept and bred in the laboratory. Consequently, many aspects of their reproductive biology have been studied, and much information on it has been gained in Heterocephalus and Cryptomys (Begall and Burda 1998; Bennett 1989; Bennett and Jarvis 1988b; Bennett et al. 1994; Burda 1989a Burda , 1990 Jarvis 1991; Scharff et al. 1999) . In contrast, the biology of solitary mole-rats belonging to genera Georychus, Bathyergus, and Heliophobius remains understudied. Whereas some insight has been gained into reproductive biology of Georychus and Bathyergus (Bennett and Jarvis 1988a; Bennett et al. 1991; Jarvis 1969; van der Horst 1972) , the life history of Helio-phobius, with 1 solitary living species H. argenteocinereus, remains, apart from a few anecdotal reports, virtually unknown.
In the absence of any reliable data on genus Heliophobius, the reported differences in reproductive and developmental parameters (e.g., rate of prenatal and postnatal growth) between the South African molerat genera Georychus and Bathyergus on the one hand, and Cryptomys and Heterocephalus on the other hand, were considered to be related to social system. There are 2 interpretations regarding the nature of the relationship: Bennett et al. (1991) considered it consecutive and adaptive, whereas Burda (1990) viewed it as causative and nonadaptive. Because Heliophobius represents an early phylogenetic lineage, which is not closely related to the other 2 genera of solitary mole-rats (Walton et al. 2000) , insight into its reproductive biology would provide the opportunity for a more general test of the adaptiveness of life history parameters and their role in the social evolution of bathyergid mole-rats.
MATERIALS AND METHODS
The field study was carried out in BlantyreLimbe (15Њ47ЈS, 35Њ04ЈE) and Mulanje-Chitakali (16Њ02ЈS, 35Њ30ЈE), Malawi, from mid-April to mid-June 2000 and at the same locality in Blantyre-Limbe in July and September 2000. The climate in Malawi is characterized by a rainy season (from October-November to March-April), a cold and dry season (AprilJuly), and a hot and dry season (August-October).
Altogether, 168 silvery mole-rats (80 males, 88 females) were captured, mostly by being dug out in grassland or sweet potato and cassava fields; an additional 5 animals were born in captivity in Malawi. One hundred thirty of the 168 animals captured were sole occupants of their respective burrow systems, the rest being lactating females (n ϭ 14) sharing their nests with their offspring (n ϭ 24). Altogether, 126 adult animals were sacrificed, measured, and examined morphologically. Twenty live animals were transferred to the laboratory in the Czech Republic. Reproductive state of females was assessed according to the presence and number of placental scars, embryos or fetuses detected, and condition of nipples. In males, size of the testes and length of the seminal vesicles were measured.
In Malawi, mole-rats were kept in rodent cages (44 by 27 by 16 cm and 28 by 21 by 14 cm) under natural photoperiod and ambient room temperature (15-25ЊC). They were housed on sawdust, and pieces of cloth and paper were provided as nesting material. Mole-rats were fed on cassava, sweet potatoes, and Vigna roots provided ad lib. In the Czech republic, they were housed in rodent cages (60 by 37 by 20 cm) with a clear plastic cover or in a maze of clear plastic tubes (diameter 8 cm). They were housed on horticultural peat and kept in rooms with a photoperiod of 12L:12D and ambient temperature of 22-24ЊC. The animals were fed with carrots, potatoes, parsley, lettuce, and commercial rodent pellets provided ad lib.
Sixteen animals captured during the cold and dry season were paired after capture, and these pairs were maintained as long as they coexisted peacefully. Four females were isolated on the day of copulation. Postnatal growth and development was recorded for a period of 75 weeks for 2 captive-born animals and 3 animals dug out on the day of birth (as indicated by fresh blood in open vagina of the mother and developmental state of neonates compared with those born in captivity). Additionally, some information about postnatal development was assessed in 5 other young whose age was estimated according to date of eye opening. Young were weighed on day of birth and then at weekly intervals.
Results are presented as mean Ϯ SD. For testing differences in somatic measurements, we used Student's t-test and analysis of covariance (ANCOVA), treating length of the hind foot as a covariant. We calculated growth parameters for postnatal development using a nonlinear estimation procedure in which m(t) ϭ body mass (g) at time t (days), K ϭ growth constant (days Ϫ1 ), A ϭ asymptotic value (g), and t i ϭ age at inflection point (days) were determined according to Gompertz equation (Zullinger et al. 1984) :
All the analyses were done using the software package STATISTICA 5.0 (StatSoft Inc. 1996) . Table 1 ). These differences were a function of the larger size of males; no differences were found if the length of the hind foot was treated as a co-
Seasonality of reproduction.-Whereas testes in adult males captured in the cold and dry season were round and large (length 13.8 Ϯ 2.4 mm, width 8.9 Ϯ 1.5 mm, n ϭ 39), testes in adult males captured in the hot and dry season were wrinkled and small (length 7.8 Ϯ 1.6 mm, width 5.1 Ϯ 1.2 mm, n ϭ 25). Differences in both parameters were significant as shown by ANCOVA for length (F ϭ 33.01, d.f. ϭ 1, 61, P Ͻ 0.00001) and width (F ϭ 25.0, d.f. ϭ 1, 61, P Ͻ 0.0001). Males in the cold and dry season also had larger seminal vesicles: 9.6 Ϯ 2.9 mm versus 6.7 Ϯ 1.4 mm
No females (n ϭ 48) with signs of current breeding activity (recent placental scars, pregnancy, lactation, young in the burrow) were captured during the cold and dry season. We found fetuses in only 2 females, isolated on 4 May and 2 June after copulation in captivity, both of which accidentally died in July. Females with young were captured (or delivered litters in captivity) only during the hot and dry season. All young captured in Blantyre-Limbe were of similar age and presumably were born in August and September, as estimated by date of eye opening or developmental stage.
Twenty-one (43.8%) of 48 females captured during the cold and dry season had signs of previous breeding. The proportion of nonvirgin females increased to 85.7% (18 out of 21) in the hot and dry season (Table 2) . We can differentiate among 3 categories of females in the sample captured in the cold and dry season. Category I consisted of females weighing Ͻ140 g. In category I, 5.6% of females exhibited signs of breeding in the cold and dry season, whereas this proportion increased to 50% in hot and dry season. Category II (body weight 140-160 g) involved parous and virgin females. Category III consisted of females weighing Ͼ160 g and most of them revealed signs of previous breeding activity (or current breeding in hot and dry season) during both seasons. Of a total of 69 females, 1 big female (248 g) had no placental scars and no elongated nipples, and 4 females had elongated nipples but no placental scars.
Mating, gestation, and litter size.-Courtship and mating behavior have been described in detail elsewhere (Sumbera 2001) . In several cases, copulation occurred within a few minutes after the 1st contact. Repeated copulations between males and females were frequent.
Two females isolated on the day of mating delivered litters after 89 days (2 neonates) and 101 days (3 neonates). Only 1 newborn of each litter survived. Based on the number of placental scars and embryos in captured females, the litter size was 3.2 Ϯ 0.9 (range 2-5, n ϭ 27 females). Placental scars and embryos were uniformly distributed in both uterine horns, and their number was not correlated with maternal body weight (Spearman correlation test, r ϭ 0.21, P ϭ 0.3, n ϭ 27). The number of neonates captured or born in captivity per litter was 1.8 Ϯ 0.9 (range 1-4, n ϭ 16 litters). The sex ratio of young was 13 males:16 females and was not significantly different from equality (
Development of young.-The neonates had very short hair, small incisors, and closed external ear openings. Long and bushy hairs grew in rapidly in the following days. Neonates weighed 12.8 Ϯ 2.3 g (10-17 g, n ϭ 5) and had a mean body length of 5.5 Ϯ 0.7 cm (4.7-6.7 cm). The 1st attempts to eat solid food occurred 8-11 days after birth. They opened their eyes at about 13-14 days after birth. Young suckled occasionally until about 2 months old. Even after weaning, mothers and young lived together peacefully for a long time. In 3 families consisting of a female with her single young, serious sparring between mother and young was noted when the young reached the age of 10 weeks (male weighing 94 g), 19 weeks (female, 86 g), and 22 weeks (male, 80 g). Therefore, we separated the animals.
Postnatal development was slow, and animals did not reach the mean weight for captured adults before 1 year of age (Table  3 ; Fig. 1 ). There was a relatively fast weight increase during the 1st weeks of life, with individual differences in growth rate (Table  3) .
DISCUSSION
Body mass, sexual dimorphism, and sex ratio.-Mean weight and weight ranges of JOURNAL OF MAMMALOGY H. argenteocinereus from Malawi (Table 1) exceeded mean and maximum weights given in the literature: 160 g (142-168 g) for both sexes of H. argenteocinereus from East Africa (Kingdon 1974) or 146 g (118-170 g) for female from Zambia (Scharff et al. 2001 ). Mole-rats in our study frequently weighed Ͼ200 g, and 3 males weighed Ͼ300 g at capture. At present, it is not clear whether this difference reflects geographic or taxonomic variation or whether it should be attributed to smaller sample sizes examined by other authors.
So far, sexual dimorphism in H. argenteocinereus has not been reported in the literature. Among solitary bathyergids, Bathyergus suillus (Davies and Jarvis 1986 ) and B. janetta were reported to be dimorphic, whereas Georychus capensis was found to be monomorphic (Taylor et al. 1985) . Larger size in males is considered to be indicative of a polygynous mating system with competition for females (Davies and Jarvis 1986; Reichman et al. 1982; Zenuto et al. 1999) . The differences in H. argenteocinereus are, however, small to be explained in the above way. Weight difference was less than 15%, contrary to 26% in B. janetta and 32% in B. suillus (Davies and Jarvis 1986; Jarvis and Bennett 1991) .
Sex ratio in subterranean rodents appears to be affected by population density and related competition (Busch et al. 2000; Malizia and Busch 1997; Nevo 1999; Zenuto et al. 1999) . Correspondingly, we found low population densities in both localities studied (R. Sumbera, in litt.) as well as relatively high pacifism in captured animals, which may favor an even and stable sex ratio.
Seasonality of reproduction and breeding dispersal.-Most solitary subterranean rodents are seasonal breeders including ctenomyids (Reig et al. 1990 ), Thomomys talpoides (Andersen and MacMahon 1981) , Nannospalax ehrenbergi (Rado et al. 1992) , Pappogeomys castanops (Smolen et al. 1980) , G. capensis (Bennett and Jarvis 1988a) , and B. suillus (Jarvis 1969; van der Horst 1972) . H. argenteocinereus does not seem to be an exception, and there are indications of seasonal reproduction from April to June in Kenya (Copley 1950; Jarvis and Bennett 1991) and in August in Zambia (Scharff et al. 2001) . A seasonal pattern of reproduction seems also to be the rule in Malawian H. argenteocinereus. Considering the gestation length of 3 months and the reported births in August and September, we suppose that mating takes place at the end of May and in June (i.e., 2-3 months after the end of rains). This conclusion is also supported by behavioral tolerance of conspecifics and by several conceptions in captive females in that period. Changes in the size of male gonads are also indicative of seasonality of reproduction, similarly to B. suillus (van der Horst 1972) .
The length of photoperiod may play a role in seasonal breeders from temperate zones (van der Horst 1972). Nevertheless, factors triggering breeding in tropical mammals with long gestation (where there is minimal variability in the daylight throughout the year) remain unknown in many cases (Goodman 1998) . Alternating rains and drought represent the main periodic environmental factors in Malawi. However, males already exhibit larger testes by the end of the rainy season. Silvery mole-rats in Kenya delivered litters at the beginning of long rains (April-June), which means that mating took place from January to March, some 2-3 months after November and December rains (considering the pregnancy of at least 87 days found in silvery mole-rats from Kenya-Jarvis 1969). The role of rains in triggering seasonal reproduction may be indirect, such as by increased access to geophytes . Even so, it is apparent that there is a substantial lag between the onset of rains (and subsequent softening of the soil and change of vegetation) and onset of breeding behavior.
We suppose that silvery mole-rats are forming or extending (or both) their burrow systems during and after the rainy season. They mate in the cold and dry season and deliver litters in the hot and dry season. Young probably disperse during the rainy season. The influence of rains on weaning and dispersal has also been shown for other solitary subterranean rodents (Bennett and Jarvis 1988a; Jarvis 1969; Rado et al. 1992 ).
We did not find any burrow connections between female and male completely excavated systems (R. Sumbera, in litt.). Therefore, we assume that search for mating partners takes place aboveground. At Mulanje, we captured large and mature animals (3 males and 1 female, 2-4 June) aboveground during daylight hours. We have not found any indications of drumming, and we have not succeeded in eliciting similar behavior in the laboratory (Sumbera 2001) . Drumming by hind feet or head has been observed in solitary subterranean rodents, taxonomically as diverse as, e.g., Nannospalax (Rado et al. 1987 (Rado et al. , 1991 and Georychus (Narins et al. 1992 ). Because drumming is a means of seismic long-distance communication and enables animals to delimit their territories and to find partners underground, we consider the absence of this behavior in H. argenteocinereus to be further evidence for its mating search aboveground.
Gestation and litter size. pointed out that short gestation is common in solitary bathyergids, geomyids, and spalacids, contrary to social bathyergids and octodontids. Whereas gestation in solitary bathyergids, G. capensis and B. suillus, is indeed relatively short (about 50 days), gestation length in solitary H. argenteocinereus is comparable with that found in social Cryptomys (C. anselli, C. damarensis, C. mechowi; about 80-120 days) and exceeds gestation length in other social species, Heterocephalus glaber, C. h. hottentotus, and C. darlingi (about 60-80 days; Table 4 ). Developmental length in general is a conservative trait in mammals that is indicative of phylogenetic relationships rather than of ecological specialization (Burda 1990; Eisenberg 1981) . Long prenatal (ϭpregnancy) and postnatal development are characteristic traits of hystricognath rodents (Burda 1989b; Weir 1974) . Taken with the fact that genera Georychus and Bathyergus represent a recent radiation, whereas genus Heliophobius represents an early phylogenetic lineage of bathyergids (Walton et al. 2000) , we assume that long pregnancy is an ancestral trait in family Bathyergidae. Relative shortening of gestation length among bathyergids is thus a derived trait, which neither has been caused by social system nor has caused its change.
Mean litter size based on number of placental scars in H. argenteocinereus from Malawi was similar to litter sizes from Kenya (Copley 1950; Kingdon 1974 ) and was comparable with litter sizes estimated for B. suillus and B. janetta but smaller than those for G. capensis (Table 4) . Although we cannot exclude late prenatal or early postnatal mortality, we assume that smaller litter size (about 2) based on the number of found neonates was, at least in some cases, due to our capturing incomplete families. It should be mentioned at this point that Scharff et al. (2001) found several females of H. argenteocinereus with a single young each.
Regarding long pregnancy and long postnatal development and a distinct breeding season, a female H. argenteocinereus can apparently deliver only 1 litter per year in Malawi, similar to those in Kenya (Copley 1950) . Because other solitary bathyergids have shorter developmental times and can thus breed twice a year, annual recruitment in H. argenteocinereus is the lowest among solitary bathyergid mole-rats (Table 4) .
Neonatal state and development.-Characteristics of neonates of H. argenteocinereus and their postnatal development do not deviate from the range of values reported for other bathyergids (review by Bennett and . There is no apparent distinction in these characteristics which could be unambigu- Current study Bennett and Jarvis 1988a; Bennett et al. 1991 Bennett and Bennett et al. 1991; Jarvis 1969 Bennett et al. 1991 Jarvis 1991 Bennett 1989 Bennett et al. 1991 Begall and Burda 1998; Burda 1989a C. Burda 1989a Burda , 1990 and C. mechowi (more than 12 weeks- Scharff et al. 1999) , both of which are social. Natal dispersal in solitary species is initiated by aggressive interactions between mother and offspring . The 1st sparring occurred early in the solitary bathyergids studied, and young were found to disperse at the age of about 2 months (Bennett and Jarvis 1988a; Bennett et al. 1991) . In H. argenteocinereus, the onset of serious sparring was correlated with attaining a certain body mass (80-94 g) rather than with age (10-22 weeks). Several aspects of postnatal development in Spalacopus cyanus and C. anselli were also found to be body-mass dependent rather than age dependent Burda 1989a) . Competition for space in burrows could be a simple proximate mechanism triggering natal dispersal in growing young.
Postnatal growth.-Growth-rate constant and mean maximum growth rate were found to be correlated with sociality in bathyergids by some authors (Bennett and Aguilar 1995; Bennett et al. 1991 Bennett et al. , 1994 . High mean growth-rate constant (0.04-0.05/day) was considered to be characteristic of solitary bathyergids, whereas a low constant (0.01-0.02/day) was linked with a social way of life. Interestingly, lowest growth-constant values were found in species considered social but not eusocial by Bennett and Faulkes (2000, and references cited therein; but see Burda et al. 2000) in C. darlingi, C. mechowi, and C. anselli. Considering long intervals of growth, we found that, in spite of individual differences, silvery mole-rats in our study had a low mean growth-rate constant that was comparable with values determined for (eu)social Cryptomys. Mean maximum growth rate also did not reach values reported for other solitary bathyergids (Table 3) .
When we considered only a period of early postnatal development (0-80 days), as Bennett et al. (1991) did, we found parameters of growth in H. argenteocinereus (A ϭ 76.46 g, K ϭ 0.049/day, I ϭ 14.46 days, K·A·e Ϫ1 ϭ 1.37 g/day) to be similar to values found in other solitary bathyergids. Nevertheless, the application of the Gompertz equation for only a short period of postnatal development (in animals that have not completed growth) is problematic, and longer intervals should be examined (Begall 1997) . Interpretation of differences in postnatal development between social and solitary mole-rats is thus complicated because growth parameters stated for some species considered only a short period of postnatal growth; these may have been overestimated and need to be revised.
Maturity of females.-Because of a short breeding season, long pregnancy, and slow postnatal development, silvery mole-rats (similarly to other solitary subterranean species with a short breeding season- Busch et al. 2000) postpone reproduction until the next breeding season. Correlation of age and body weight at maturity was found in G. capensis (Taylor et al. 1985) , and we expect the same to be true for the silvery mole-rat. Most females in category I were probably born in the previous breeding season. The mean weight of captive animals at the age of about 9 months (i.e., in the period of the year when they can enter into their 1st breeding season) ranged between 88 and 138 g. Therefore, we suppose that most animals in the field probably do not exceed the weight of 120-140 g in their 1st breeding season. Presence of females with evidence of breeding activity in category I during the hot and dry season suggests that females matured in the 1st year of age and that some of them bred during the 1st breeding season. Category II prob-ably consists of larger females born in the previous breeding season and of smaller older females. Females in category III are probably at least 1 year older than females in category I and have bred already.
In summary, reproductive biology of H. argenteocinereus reveals characteristics of both social and solitary bathyergids, and there is no clear distinction in reproductive traits between the 2 groups. Parameters believed so far to be typical of social molerats, such as long pregnancy and slow postnatal development, can also be found in solitary silvery mole-rats. There is no reason to conclude that social life allowed and resulted in longer pregnancy and slower postnatal development. These reproductive and developmental traits in Heliophobius (which radiated early in phylogenetic history of the Bathyergidae) suggest their ancestral character state connecting bathyergid mole-rats with hystricognath rodents. It is necessary to reevaluate the role of reproductive biology in the context of social life of Bathyergidae. Further data about reproductive biology of particularly solitary species are needed. The longer periods of postnatal development in all the genera should be recorded to clarify the relation between growth rates and social behavior.
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